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 Carbon dioxide in the Martian atmosphere can be converted to oxygen during high temperature 
electrolysis for use in life-support and fuel systems on manned missions to the red planet.  During 
electrolysis of carbon dioxide to produce oxygen, carbon can deposit on the electrolysis cell resulting in 
lower efficiency and possibly cell damage.  This would be detrimental, especially when the oxygen 
product is used as the key element of a space life support system.  In this thesis, a theoretical model was 
developed to predict hazardous carbon deposition conditions under various operating conditions within 
the Martian atmosphere.  The model can be used as a guide to determine the ideal operating conditions of 
the high-temperature oxygen production system.  A parallel experimental investigation is underway to 
evaluate the accuracy of the theoretical model.  The experimental design, cell fabrication, and some 
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 Supplying oxygen for humans while on missions to Mars is a key factor in making 
human exploration of Mars possible.  While Earth’s atmosphere consists of 21% oxygen, Mars 
has only trace amounts of oxygen.  In comparison, carbon dioxide is abundant in the Martian 
atmosphere, accounting for over 95% [1-4].  Transporting oxygen to Mars is expensive and 
impractical as the volume of oxygen tanks required would be too large to be a viable option 
considering the space, weight, and structural limitations of spacecraft.  An estimate of 75% of the 
payload weight would be oxygen in that case [3].  Alternatively, it is more practical to produce 
the required oxygen (i.e. 1 kilogram of oxygen needed per astronaut per day [5]) on Mars using 
Martian resources (in-situ), which in turn reduces the required payload of a manned mission to 
Mars by 75% [6].  
 Producing oxygen on Mars using high temperature electrochemical separation is not a 
novel idea.  The concept has been investigated for more than two decades and was initially 
proposed by Stancati et al. in 1979 [7].  The next Mars rover, set to launch in 2020, will carry an 
apparatus called MOXIE (Mars Oxygen In-Situ Resources Utilization Experiment) that will be 
built by the Massachusetts Institute of Technology (MIT) and NASA’s Jet Propulsion Laboratory 
(JPL).  MOXIE will demonstrate that oxygen can indeed be produced via high temperature 
electrolysis (HTE) using solid oxide electrolysis cells (SOECs) on Mars for the first time [3, 4].  
The oxygen produced by MOXIE would have several potential uses including life support and 
return trip oxidant [4].  Pending successful demonstration of MOXIE on the 2020 launch, a 





oxygen for future missions to Mars [3, 4, 8].  MOXIE is expected to produce about 22 grams of 
oxygen per hour through high temperature CO2 electrolysis using SOECs [8].  MOXIE 
compensates for the low pressure of Mars by cryogenically compressing the Martian CO2 and 
then introducing compressed CO2 into the system [8].  
 Although high temperature CO2 electrolysis is able to produce oxygen, a potential 
problem is that the chemical reaction can proceed along two pathways.  Carbon dioxide can be 
split into either oxygen and carbon monoxide (pathway (1)) or solid carbon and oxygen (pathway 
(2)).  In addition, pathway (3) is also viable, as CO is a byproduct of pathway (1). 
 




𝐶𝑂2(𝑔) → 𝐶(𝑠) + 𝑂2(𝑔) (2) 





Pathway (2) and (3) are unfavorable, since solid carbon will adsorb onto the electrodes in 
both reactions.  Carbon deposition reduces the catalyst active area and the electrode porosity, 
resulting in performance degradation [9-11].  Generally, the relationship between carbon 
deposition and performance degradation is remarkably higher when the process is operated at 
high current density or high temperature [10, 11].  Carbon deposition should therefore be 
characterized at the conditions that would simulate operation on Mars.   
The key component of the HTE process is the SOEC.  Theoretically an electrolysis cell is 
a fuel cell operated in the reverse mode [9, 12, 13].  A typical SOEC consists of two electrodes 





process (pathway 1), CO2 combines electrons and dissociates into O
2-
 ions and CO on the 
cathode.  O
2-
 ions migrate through the electrolyte to the anode, where they evolve as oxygen gas 
and release electrons.  CO is a byproduct and is usually vented out [9, 12-16].  Due to the solid 
state electrolyte (gas impermeable), SOECs are able to produce very pure oxygen without using 





1.1 Thesis Statement 
 The main objective of this thesis was to establish a thermodynamic model to identify the 
Martian operating conditions that would result in hazardous carbon deposition during high 
temperature CO2 electrolysis.  The model simulated the Martian conditions (mainly the partial 
pressure of CO2, characterizing Mars atmosphere) and predicted the electrolysis pathways 
subject to these conditions.  This model was employed to determine favorable operating 
Figure 1.1: Schematic diagram of SOEC used in this thesis for 





conditions for SOECs that cause pathway (1) to be dominant.  The model was then utilized to 
guide the experimental investigation. 
 
1.2 Organization 
 This thesis consists of five chapters, including the Introduction.  The second chapter 
contains a comprehensive literature review, defining and discussing the different variables and 
parameters that control SOEC operation.  The theoretical analysis is developed in Chapter 3, 
using fuel cell theory to evolve the thermodynamic model for identifying the conditions under 
which solid carbon deposition occurs.  Chapter 4 discusses preliminary experimental results from 










2.1 Generating Oxygen via High Temperature Electrolysis 
 The history of HTE is related to the research and development (R&D) of the solid oxide 
fuel cell (SOFC).  Following the oil crisis in 1970s, Doenitz et al. looked into a large-scale 
hydrogen production funded by so called 'Hot Elly' project using high temperature steam 
electrolysis [18].  Due to technical limitations, initially tubular configurations were chosen for 
scaling up the design [19].  Subsequently, modular HTE units were developed and demonstrated, 
but without any long-term operation [20].  At the end of that project, the concepts for a prototype 
plant with 3.5 kW hydrogen output power were proposed [21].  After that, research on high 
temperature steam electrolysis remained quiet for nearly two decades.  In the meantime, 
worldwide R&D on SOFCs had gone through an impressive progress.  Recently, energy supply 
and global warming concerns have renewed the research on high temperature steam electrolysis 
using advanced technologies of solid-oxide cells [22-25].  
While the global research focus of HTE has been clean fuel (hydrogen and syngas) 
production, NASA however has been more interested in oxygen production of such process. 
Manned spacecraft, flown by NASA, have been using electrolysis and fuel cells, starting with the 
Gemini dual-pilot orbit missions and continuing through the Apollo lunar missions and the 
International Space Station, where they are employed currently in water electrolysis mode to 
generate breathable oxygen for the astronauts on board [26-29].  The hydrogen produced in this 
process is saved for  reaction with CO2, exhaled by the astronauts, to produce water via Sabatier 





it is not surprising that a similar electrochemical approach is being considered for use in missions 
to Mars. 
 Stancati et al. [7] first proposed utilizing HTE for oxygen production at Mars employing 
only its atmosphere as feedstock.  That study recognized that by transporting methane from 
Earth, oxygen  could be produced in situ on Mars, which could constitute nearly 80 percent of 
the return vehicle propellant mass, resulting in dramatic reductions in initial Earth-launched 
payload requirement [7].  Two “In Situ Propellant Production” systems were proposed [7].  The 
first system produced oxygen through reduction of carbon dioxide, in which carbon monoxide 
was produced as a byproduct.  A combined fuel of carbon dioxide and water to create oxygen 
and methane was proposed in the second system, which was also discussed in [5, 31, 32].  A 
system of this type would be advantageous since oxygen and methane would be useful as 
oxidizer and fuel to propel the return trip rocket [31].  Those systems were evaluated and found 
to be more economical and practical than an Orbit Capture system, which temporarily abandons 
fuel for the return trip from Mars to Earth in orbit and rendezvouses when ready to return, 
primarily because of the ability to lower payload weight when taking off from Mars and Earth 
[7].  The two systems proposed in [7] were also advantageous because of their ability to utilize 
the additional space previously reserved for return trip fuel for other electrical, chemical, and 
power systems which would be necessary on Mars.   
Electrochemical conversion of CO2 to O2 for Martian applications using solid oxide cells, 
as suggested in [7] was pursued further at Jet Propulsion Laboratory by Robert Richter who 
modeled SOEC behavior during CO2 reduction and experimentally verified his model [33].  
Richter’s study utilized thermally dissociating carbon dioxide in contact with an 8% yittria 





those tests successfully extracted oxygen from the carbon dioxide feedstock, the applied voltages 
were higher than had been predicted by the model [33].  This increased voltage was considered 
to be the result of resistances and overpotentials [33].  The cell resistances mainly came from the 
thick electrolyte used back then, since the electrolyte needed to be thick enough to provide 
significant mechanical support.  As a comparison, most commercial SOFCs nowadays use 
electrode supported cells that consists of a very thin layer of electrolyte.  The Pt electrodes 
however contributed much less to the overall resistance as they are metallic.  Furthermore, the 
significance of the overpotential was related to gas diffusion resistance (electrochemical 
resistance).  High overpotentials could have happened when fuel starvation occurred on the 
electrodes for oxygen extraction due to limited porosity, low gas partial pressures, or/and low 
flow rates.  
Undergraduate students at Old Dominion University have been involved in solid oxide 
oxygen processor system research and design since 1986 [34].  Using funds provided by the 
Planetary Society, a capstone design team designed and built a yttria stabilized zirconia system 
to investigate the feasibility of extracting oxygen directly from simulated Mars atmosphere [34].  
The tubular electrolysis cell was procured from Ceramatec, and the Mars simulant feedstock 
matched the carbon dioxide and nitrogen content but substituted extra argon for the remaining 
components of Mars atmosphere [34].  That cell was operated at 1,000 K and in 1988, they were 
able to produce an oxygen yield with a reliable conversion efficiency of less than 25% [34].  
Though operation was less than optimal, the study served as a proof of concept that a Mars 
oxygen processor was possible [34]. 
Frisbee et al. [35]proposed using the reverse water gas shift process to generate oxygen 





involves reduction of CO2 and hydrogen to carbon monoxide (which could be used as rocket 
fuel) and water.  Then standard water electrolysis is used to produce oxygen and hydrogen [5, 
32, 35, 36].  The use of hydrogen as product and reactant poses an advantageous recycling 
system that could be utilized.  However, a downside  is that it requires an external hydrogen 
supply [32].  Furthermore, the reverse water gas shift process needs high temperature (400°C to 
650°C [5]) during operation and therefore demands a considerable amount of thermal energy 
input.  In addition, water electrolysis process also consumes significant amount of electrical 
energy.  As an example, the system in Reference [35] would need 33.8 kW of power.  Due to the 
low system reliability, Frisbee et al. proposed three different modifications, including  
eliminating rotating machinery, adding backup components in case of failure, and improving 
zirconia cell efficiency as it consumed the majority of the input power [35]. 
During the 1990’s, several studies were conducted by Sridhar et al. in preparation for 
their planned 2001 Mars Surveyor Mission [37-40].  In those studies, SOECs were utilized to 
support a Sabatier reactor and water electrolysis system to utilize CO2 harvested from the 
atmosphere of Mars and hydrogen transported from Earth to generate water and oxygen [37-39, 
41].  This system utilized a two-step process.  The first step used a Sabatier reaction to produce 
methane and water [37].  The second step was water electrolysis to produce hydrogen and 
oxygen, the former of which can be recycled and used in the first step again [37].  One potential 
problem with this system is the need to have a ready supply of hydrogen brought from Earth, 
which would need to be accounted for in the payload weight and would take up space in the 
spacecraft, although the hydrogen produced as a result of water electrolysis could potentially be 
processed and reused in the Sabatier reactor  [5, 38].  With the failure of the Mars Polar Lander 





equipment was never tested on Mars, leading to a general wane in public interested in solid oxide 
technology.  Tao et al. continued these studies and investigated the effects of CO2 electrolysis on 
the electrode/electrolyte interface [42, 43].  These studies utilized electrolyte (8YSZ) supported 
cells with porous platinum/YSZ cermet electrodes  [43].  The performance of Pt-YSZ based 
SOECs were characterized using V-I sweeps under different temperatures ranging from 1023 to 
1123 K [43].  However, no results of long-term testing were reported to demonstrate the 
durability of the SOECs and potential carbon deposition at the single cell level. 
 While high temperature fuel cell/electrolysis technology advanced significantly, several 
sources focused on updates to in-situ resource utilization systems on Mars [44-46].  The concept 
of producing oxygen in-situ on Mars was discussed in depth by Rapp [5].  For a 6-person crew 
stay to stay for 600 days on Mars, 6.8 metric tons of oxygen would be required if no In-Situ 
Resource Utilization system (ISRU) or recycling process was employed [5].  To compensate for 
this heavy demand, Rapp suggested utilizing an ISRU system that would be sent months ahead 
of the manned mission low Earth orbit departure date.  This ISRU would begin the oxygen 
generation process and have a stockpile of oxygen by the time the manned mission lands on 
Mars.  This is the same concept discussed in [3, 4, 8] with regards to MOXIE.  One potential 
process for generating oxygen that was discussed in [37] was also discussed in [5]: they use of a 
combined Sabatier / water electrolysis process which could have an approximate 95% methane 
and oxygen yield [5].  Additionally SOEC conversion of CO2 to O2 using chemical reaction (1) 
was discussed.  For the given mission length and crew demand, Rapp calculated that 1540 Yttria-
stabilized zirconia (YSZ) wafers (single SOECs) would be necessary in order to support the 
manned mission [5].  Rapp also discussed the power requirement for various oxygen production 





O2 production rate of 1 kg/hr would require a current of 12,300 Amperes, thus creating a power 
requirement range of 12,300 Watts (with per cell electrolysis voltage at 1.0 Volts)  – 18450 
Watts (with per cell electrolysis voltage at 1.5 Volts) [5].  Many of the systems mentioned in 
Reference [5] utilize a CO2 compression system before introducing the CO2 feedstock to the 
SOEC, making the operating conditions of the SOEC system on Mars similar to operation on 
Earth. 
 In order to increase SOEC reliability, which was a major issue in many early tests, new 
SOEC materials (mostly ceramics) and their effects on cell performance were studied.  Many of 
these ceramics were used to strengthen the seals of the SOECs (which would fail in high 
temperature conditions).  These new types of ceramic electrodes included, LSCM 
(𝐿𝑎0.8𝑆𝑟0.2𝐶𝑟0.5𝑀𝑛0.5𝑂3),  LCC (𝐿𝑎𝐶𝑟𝑂3), LSCF (𝐿𝑎0.6𝑆𝑟0.4𝐶𝑜0.2𝐹𝑒0.8𝑂3−𝛿), BSCF 
(𝐵𝑎0.5𝑆𝑟0.5𝐶𝑜0.8𝐹𝑒0.2𝑂3−𝛿), and LSV (𝐿𝑎0.7𝑆𝑟0.3𝑉0.9𝑂3) have helped to improve cell reliability 
as they are stronger than their traditional counterparts [47-52].  This strength allows many of 
these new materials to withstand the large pressure differences the oxygen ions produce as they 
pass through the electrode/electrolyte interfaces during operation in electrolysis mode, leading to 
tests greater than 1,000 hours in length [53].  Another advantage of these ceramic electrodes of 
particular interest to this investigation, is LSCM’s ability to combat carbon deposition [48].  
Many of these studies were conducted at NASA Glenn with cell materials manufactured by 
Ceramatec Inc. and Materials and Systems Research Inc. with Paragon Space Development 
Corporation getting into the game as well with their combination SOEC/Sabatier reactor stacks 
[30, 53, 54].  All of these recent technological advances have made the MOXIE project, outlined 





However, practically there are two disadvantages of the layout of previously proposed 
system as well as MOXIE that used compressed CO2 as the feedstock.  First, a Martian CO2 
capture and storage unit needs to be included, which adds up additional payload [55].  Second, 
the pressure difference between the SOEC chamber and Martian ambient environment is 
detrimental to the ceramic or glass based sealing [25].  Those two practical concerns result in the 
initial thought of simulating real Martian conditions for the theoretical and experimental research 
in this thesis.  Since it was first suggested in [7], there have been many studies and discussions 
regarding oxygen generation using SOEC technology, Sabatier/electrolysis systems, and reverse 
water gas shift processes with the intent for use on manned missions to Mars.  However, there is 
limited information regarding the optimized operating conditions of SOECs at Martian 
atmospheric conditions.  Thus, in order to ensure successful implementation of SOEC 
technology on Mars, there is a direct need to develop models to simulate the performance of 
SOECs on Mars.  As mentioned before, one concern is carbon deposition during the operation of 
SOEC technology on Mars.  To address the potentially hazardous problem, analysis of the 
Martian operating conditions of SOECs is needed.  Hereby, the operating variables, including 
cell temperature, fuel composition, geometric setup, and electrolysis voltage are discussed in the 
following sections. 
 
2.2 High or Low Temperature Electrolysis 
 Electrolysis process consumes both electrical and thermal energy. In terms of 
thermodynamics, during electrolysis the electrical energy requirement (change of Gibbs free 
energy) decreases while the thermal energy requirement (TΔS) increases with increasing 





on operating temperatures.  Electrolysis cells usually are constrained in a certain range of 
operating temperatures due to their electrochemical configurations and material properties, 
which are elaborated in the following sections.  Furthermore, the reason why high temperature 
electrolysis is the only viable technology for CO2 electrolysis is discussed. 
 
2.2.1 Low Temperature Electrolysis 
 Low temperature electrolysis (LTE) relies on proton exchange membrane (PEM) or 
alkaline cells to maintain the electrolysis of water to produce oxygen.  Alkaline water 
electrolysis has been around since 1789 and uses a diaphragm to separate two electrodes 
submerged in a liquid alkaline electrolyte [57, 58].  While this was discovered first and is used in 
industry today, most of the current research is focused on the PEM cell.  PEM technology has 
several advantages over alkaline cells including higher efficiency and higher current density 
(which leads to a more compact design than alkaline cells) as well as lower gas crossover due to 
the material structure of the membrane [57].  One disadvantage of PEM technology over alkaline 
technology is cost, as PEM cells currently require expensive materials, such as usually using 
platinum as a catalyst, to operate [57].  Due to the high interest in PEM technology leading to 
greater manufacturing demand, these prices are expected to decrease over time, increasing the 
viability of PEM cells over alkaline cells [57].  LTE has been utilized in space for oxygen 
generation already, providing the advantage of familiarity when considering it for use on Mars 
[26]. 
Since the membranes that support LTE technology cannot conduct oxygen ions, a CO2 
feedstock cannot be used which would mean that the feedstock (water in this case) would have to 





efficiencies and lower power demand offered by HTE options because the electrolysis of water is 
more endothermic with increasing temperatures [57].   
 
2.2.2 High Temperature Electrolysis 
 High temperature electrolysis uses SOECs that usually operate at temperatures above 
750°C with higher thermodynamic efficiency as compared to LTE cells [9, 22, 42, 59-61].  High 
temperatures are needed because the electrolyte materials used in SOECs only become obviously 
ionic conductive at elevated temperatures (usually above 700 C°) [62].  Furthermore, the anode 
(usually made of metal oxides) also needs high temperatures to reach good electric conductivity.  
Another advantage of operating at high temperatures is that the activation energy (overpotentials) 
on the electrodes become much less than those at low temperatures (i.e. water electrolysis), 
resulting in much less electrical energy input.  For instance, at standard conditions the Nernst 
potential is 1.23 V for water splitting.  Practically however, a minimum voltage of 1.6-1.7 V is 
needed for splitting water due to high activation energies [63-65].  As a comparison at high 
temperature (>750°C), the Nernst potential is very close to the practical minimum voltage 
(observed open circuit voltage) for steam splitting [22, 66, 67].  Although the heat demand for 
electrolysis increases as temperature rises, it only accounts for less than 20% of total energy 
input [22, 66-68].  Practically, no external heating is needed if the SOECs operate around 
thermal neutral voltages.  If higher yield is required, a cooling loop needs to be included.  
 As mentioned before, high temperature electrolysis technology has gained significant 
improvement recently due to the research and development of SOFCs studied by engineers and 
scientists around the world.  The mainstream of HTE research globally has been focused on 





National Laboratory (INL) [69, 70].  Research has been focused from experimental angles, 
dealing with single cell tests as well as stack systems evaluation [54, 71].  The European Institute 
for Energy Research (EIFER) also experimented with HTE of steam, and was able to support 
steam electrolysis for 1000 to 9000 hours successfully [72].  Polarization resistance degradation 
of SOEC stacks was found to be related to absorption of feedstock impurities during steam 
electrolysis and steam/CO2 co-electrolysis tests [73].  The degradation rate of SOECs during 
high temperature steam electrolysis (HTSE) was further studied in France by the Alternative 
Energies and Atomic Energy Commission (CEA).  This group designed a more affordable 3-cell 
stack and reported lower degradation rates than that of similar SOECs [74, 75].  The Institute of 
Nuclear and New Energy Technology (INET) (based in China) as well as the US Department of 
Energy’s (DOE) Next Generation Nuclear Plant (NGNP) program studied production rates of 
hydrogen using HTE of steam as part of a system utilizing a High Temperature Gas-cooled 
Reactor (HTGR) [76, 77].  Another Chinese group, the Ningbo Institute of Materials Technology 
and Engineering (NIMTE), conducted HTSE tests on a 30-cell stack and was able to optimize the 
performance of their system to an efficiency of greater than 50% [78, 79].  Research has also 
been conducted in Korea with researchers at the Korea Institute of Science and Technology 
studying the regenerative properties of SOFCs [80], and researchers at the Korea Institute of 
Energy Research studying the effects of different preparation methods on cell performance [81].  
A common problem that occurs in high temperature electrolysis is degradation, resulting 
in shorter cell lifespan and lower efficiency [5, 14].  This led to many high temperature 
electrolysis experiments determining the ideal material combination for durability improvement.  





HTE over LTE suggests that the high temperature electrolysis process may be more viable for 
expanded use in experiments optimizing the SOEC [9]. 
 Compared to the intensive research outcomes of high temperature steam electrolysis to 
produce hydrogen and steam/CO2 co-electrolysis to produce syngas, research on CO2 electrolysis 
to produce oxygen has only been recently caught up.  While all the high temperature electrolysis 
processes use similar SOECs, their electrochemical pathways are different.  An important 
concern of CO2 electrolysis is that carbon deposition becomes possible.  This is because as the 
CO2 reduction reaction progresses and becomes more effective at high temperatures, more CO is 
produced, resulting in more potential of carbon production from pathway (2) and (3) [82].  
Compared to the vast amount of information regarding LTE, carbon deposition of high 
temperature CO2 electrolysis has not been fully understood and therefore requires both 
theoretical and experimental investigations. 
In the application discussed in this thesis, a Martian atmospheric carbon dioxide to 
oxygen converter, the high temperatures required would be realistically provided by harvesting 
excess heat from an onsite radioisotope thermoelectric generator (RTG) which would also 
provide the electric power needed for electrolysis.  This idea is common in Martian exploration 
articles, using the nuclear energy already included in the plans to simultaneously power and heat 
the SOEC [83, 84].  The MOXIE project led by MIT and NASA will operate between 800°C and 
850°C, making this experiment, which is modelled from their operating assumptions, even more 







2.3 Fuel Composition 
 Another control variable in electrolysis experiments is the composition of the fuel (gas) 
mixture entering the cell.  Similar to any reaction, the reactant concentrations and operating 
conditions will directly correlate with the amount and composition of the products.  The amount 
of products refers to the amount of carbon monoxide, oxygen, and carbon solid produced.  The 
primary fuel mixing ratio element pertinent to this investigation is the amount of exhaust gas 
(CO and CO2) is recycled back into the fuel mixture since the amount of carbon monoxide at the 
electrode surface (where the reaction is taking place) has been found to affect the cell 
performance [12, 36]. 
Graves et al. investigated a fuel mixture of carbon dioxide and methane and found a 
direct correlation between the mixture ratio and the amount of carbon deposition [85].  Figure 
2.1 shows the effects of the different ratios of hydrogen, carbon, and oxygen elements on 
whether there was any carbon deposition on the electrolysis cell at 600°C.  Using that experiment 
as an example: a reaction that is only reducing carbon dioxide (no methane), where the mole 
ratio of carbon component to exceed 1/3, carbon deposition is expected [85].  In order for this 
figure to be useful in the current investigation, only the right line of the triangle can be used, 
since there will be no hydrogen available to convert carbon dioxide to oxygen on Mars unless it 
is brought from Earth or harvested from electrolysis of Martian water.  This is the same reason 
that co-electrolysis with water and carbon dioxide, such as that done in [86], is not of primary 










Recycling the exhaust (a mixture of CO2 and CO) would ensure a more efficient process 
as the exhaust would have increasing levels of CO the more recycling occurs.  However carbon 
deposition on the cell seems to be related to the amount of carbon monoxide being produced [12, 
36, 82, 85, 87].  A higher proportion of carbon monoxide at the electrode surface (site of the 
reaction) leads to increased rates of carbon deposition on the electrode.  The rate of carbon 
deposition also increases if carbon monoxide is not properly vented (removed) from the cell to 
build up concentration over time [87].  The interactions between the gas composition at the 
electrode and the actual electrode material is an essential consideration if carbon deposition is to 






be minimized [85].  Green et al. [88] found that there was a decrease in the conductivity and 
efficiency of the SOEC when the generated carbon monoxide was reintroduced back into the fuel 
mixture.  Again, this is reasonable since more carbon monoxide in the reaction chamber leads 
logically to a greater chance of solid carbon collecting on the cell.  This leads to the third 
reaction pathway (3) mentioned before where the reduction of carbon monoxide takes place 
instead of carbon dioxide reduction. 
 
𝐶𝑂(𝑔) → 𝐶(𝑠) +
1
2
 𝑂2(𝑔) (3) 
 
 Both the pathway (2) and (3) could lead to carbon deposition and therefore should be 
avoided.  An important factor in predicting the effect of the fuel mixture on the carbon 
deposition on the cell is the bond energies, or the energy needed to break the bond.  For CO2 this 
is 1,598 kJ/mol and for CO is 1,072 kJ/mol [89].  Therefore since the bonding energy for CO2 is 
greater than that of CO, it is more likely for CO to break down than CO2, which would be 
detrimental since reduction of CO (pathway (3)) leads to carbon deposition.  After examining the 
entirety of each of the chemical reactions (1), (2), and (3) and the bond energies associated with 
each compound, including O2 which has a bond energy of 495 kJ/mol and solid carbon which 
has zero bond energy, the change in bond energy (reactants minus products) is calculated as 279 
kJ/mol for pathway (1), 1,103 kJ/mol for pathway (2), and 825 kJ/mol for pathway (3) [89].  This 
means that, for standard atmospheric temperature and pressure, the preferred path (1) requires 
less energy than (2) or (3) and is therefore more likely to occur in the SOEC chamber, so long as 





 Another concern related to the operation conditions proposed in this thesis, is the 
potential negative effects due to the other gas impurities directly mixed into the feedstock from 
the Martian atmosphere, including nitrogen and argon, each of which make up about 1.9% 
(molar) each of the atmospheric content [2].  Of these two, argon is an inert gas will cause 
nonhazardous effects throughout the process.  A concern might be raised with nitrogen, because 
nitrous oxide (NOx) can potentially be produced on the anode where oxygen is evolved.  That 
trace amount of NOx produced can be eliminated by a filter or absorbent for the purpose of 
purification of oxygen.  On the cathode however, there is a minimum possibility for the 
production of NOx due to its reduction environment.  Nitrogen will basically act as an inert gas 
on the cathode.  In the real application, both nitrogen and NOx will not cause any damage to the 
SOECs as carbon deposition does due to their gaseous states.     
 
2.4 Geometric Setup 
 
2.4.1 Tubular Designs 
 Tubular configurations can be found in many designs both in SOECs and SOFCs [17, 22, 
34, 90].  For example, commercially SOFCs produced by Siemens Westinghouse for large-scale, 
centralized power generation, are of this shape and design [90].  Tubular designs have a couple 
advantages.  The sealing is much easier with tubular configuration, since it only needs sealant at 
the ends, which can be placed outside the hot zone.  In addition, tubular designs require less 
complex flow channels for gas distribution, as the tube itself forms a flow channel  [22, 59, 91].  





industry.  Tubular cells are usually expensive to manufacture.  Furthermore, interconnects among 
cells becomes more and more complex as the scale goes up, also resulting in high cost [92]. 
 
2.4.2 Planar Designs 
 Planar designs are much more common and widely used in commercial SOFCs and 
SOECs.  The primary reason for this is the simplicity of the planar electrolysis cell set-up versus 
the complex shape of the tubular design.  As for research, the planar button cell (shown in Figure 
2.2) is commonly used.  Button cell testing allows for quick assembly and testing of the SOEC, 
thus making it an ideal geometry for investigating material effects on cell performance, in 
attempting to improve cell materials and structure [60].  Button cell testing is usually conducted 
in a tube furnace and requires a relatively high gas flow rate compared to traditionally 
constructed planar cells [60].  Although this test rig offers economical means for SOEC testing, 
it is challenging to maintain perfect constant flow and the sealing is sensitive to thermal cycles 
[23, 40, 49, 93].  One clear indicator of seal failure is instability of the cell voltage [60].  Figure 
2.2 shows an example of a test rig being employed for CO2 electrolysis with a button SOEC on 
the far end of the tube.  Half of the alumina tube connected with the cell is placed in the furnace, 
with the button cell oriented to be at the center of the furnace, ensuring accurate temperature 
control.  The remaining half section will be exposed to the ambient conditions outside the 
furnace.  The fuel inlet tube (made of 304 stainless steel) is inserted all the way down towards 
(without contact) the button cell.  This will ensure preheating and smooth delivery of the inlet 









2.5 Electrolysis Voltage 
 Another important parameter in SOEC operation is the electrolysis voltage that is applied 
across the cell.  Electrolysis voltage affects the amount of carbon deposition, overall cell 
performance and reaction efficiency.  Electrolysis is a nonspontaneous reaction and therefore 
requires minimum energy input (i.e. electrical and thermal) to initiate the reaction.  Applied 
electrolysis voltage is directly related to the electrical energy input.  The applied voltage also has 
significant implications for the cell current density, nearly increasing exponentially as the 
applied voltage to the cell increases [42, 43].  For CO2 electrolysis at certain temperature, as the 
voltage varies so will the reactant concentrations across the cell and vice-versa, with oxygen 
production being directly proportional to the cell voltage [33, 42].   






Theoretically the threshold  for water electrolysis, or the Nernst potential is calculated via 












 Equation (4) gives the Nernst potential as a function of the operating temperature (𝑇) and 
the concentrations chemical species involved in the electrolysis including water, hydrogen, and 
oxygen (𝑦𝐻2𝑂 , 𝑦𝐻2 , & 𝑦𝑂2).  𝑉




), and RU is ideal gas constant (𝑅𝑈 = 8.3145
𝐽
𝑚𝑜𝑙∙ 𝐾
).  Under different pressures, (4) 

















 The additional pressure ratio term allows the Nernst Potential to be adjusted for the 
pressure in the experiment.  This will be the equation modified and used in the theoretical 
chapter of this thesis.  Theoretically, as long as the Nernst Potential for (1) is less than that of (2) 
and (3) and the cell is operated within those parameters, no carbon should form on the cell. 
 Previous studies have recommended a cell voltage operation range of 0.8 Volts – 2.0 
Volts.  The minimum voltage of 0.8 V was suggested by Crow et al. [40] because no oxygen was 
produced below that voltage in the experimental and analytical investigations.  The maximum 





reduced and lose its ionic conductivity under those conditions.  This detrimental condition was 
originally discussed in [33].   It is further stated in [6, 96] that if the oxygen pressure on the 
anode side is allowed to decrease past normal operating conditions, the maximum safe operating 
voltage would drop to 1.4 V.  In order to ensure reliable operation, Crow et al. suggested 
lowering the maximum operating voltage per cell to 1.6 V to avoid the instance where the 
zirconia starts reduction and breaking down [40]. 
 CO2 electrolysis needs significant amount of electrical energy input and is the highest 
power draw in most in-situ propellant production system designs [7, 35].  Additionally, oxygen 
production has been shown to demonstrate a linear relationship with cell current [33].  Since 
Rapp cited that 12,300 Amperes would be necessary to produce 4 kg/hr of O2, and the cells were 
operated in the 1 V – 1.5 V range, a suggested range of power requirement would be 12,300 
Watts to 18,450 Watts [5].  In the current plans for Martian oxygen production, electricity as 
well as heating will come from a nuclear battery, also called RTG.  The Viking generators 
produce approximately 70 We but current plans for expansion allow for generators supplying 
around 120 We [83].  There are also designs for 1 kWe but these approach the size limits (mass 
wise) of the equipment needed for the mission to Mars [83].  Nevertheless, the nuclear battery 
needs to be designed to accommodate the large power demand of the electrolysis stack. The heat 
demand for electrolysis however can be minimized if the stack is operated close to the thermo 
neutral voltage which makes the electrolysis stack self-sustainable in terms of heating.  
 
2.6 Relation to this Study 
 The conversion of CO2 to O2 using solid oxide electrolysis technology, with the potential 





previous years recommended a Reverse Water Gas Shift or Sabatier/water electrolysis system for 
this use, the need to transport terrestrial hydrogen to Mars in order to support these systems 
makes them less than ideal [5, 13, 35, 37, 38, 45, 53, 97].  Similarly, water would have to be 
transported from Earth or harvested from the crust of Mars in order to utilize the benefits of LTE 
technology for oxygen generation [5, 98].  By contrast, it is much easier to harvest CO2 from the 
Martian atmosphere, especially when CO2 dominates the composition of the Martian 
atmosphere.  High temperature CO2 electrolysis becomes a more viable technology used for 
Martial oxygen production.  Furthermore, with material and microstructure improvements of 
SOECs in recent years, including advanced oxygen electrodes (e.g. LSM, LSCM, LSV, and 
LCC) [17, 48, 51, 86], significant progress has been made on mitigation of SOEC degradation 
[91].  Recent studies demonstrated extreme long-term durability (close to zero degradation under 
alternating modes of operation (fuel cell and electrolysis intermittently) [49, 93].  All of those 
significant advancements make direct CO2 to O2 conversion using SOECs more technically 
ready today for NASA space missions than it was when the idea was conceived. There is a gap, 
however, in the investigation where the performance of CO2 electrolysis using SOECs needs to 
be addressed subjected to the Martian conditions, under which carbon deposition has not been 
fully understood.  This thesis intends to narrow this gap by investigating the operating conditions 












3.1 Theoretical Framework 
 There are three possible chemical reaction pathways that can occur during the reduction 
of carbon dioxide in a SOEC.  These three pathways are as follows: 
 
𝐶𝑂2 (𝑔) → 𝐶𝑂 (𝑔) +
1
2
𝑂2 (𝑔) + ∆𝐺𝑅𝑋𝑁1 (1) 
𝐶𝑂2 (𝑔) → 𝐶 (𝑠) + 𝑂2 (𝑔) + ∆𝐺𝑅𝑋𝑁2 (2) 
𝐶𝑂 (𝑔) → 𝐶 (𝑠) +
1
2
𝑂2 (𝑔) + ∆𝐺𝑅𝑋𝑁3 (3) 
 
 As indicated, pathways (2) and (3) will lead to solid carbon deposition while (1) is 
preferred.  The Gibbs free energy associated with those three reactions is positive, indicating 
external energy is needed for the reactions to happen.  Each electrochemical reaction has a 
threshold of minimum electrical energy input, which corresponds directly to its Nernst potential.  
Therefore, determining the Nernst potential of each pathway at various conditions helps to find 
an optimal voltage range that is in favor of pathway (1), while minimizing pathways (2) and (3).  
As a result, this will become a theoretical guideline of the operation of carbon dioxide 
electrolysis on Mars.  For this analysis, the Nernst equation was modified based on equation (5) 
because it not only allows for the ability to modify and calculate the voltage required based on 
the composition of the inlet gases but also allows for the experimental pressure to standard 
pressure ratio to be utilized [95].  This is especially important due to the need to compensate for 





modified to reflect carbon dioxide reduction instead of water reduction.  Thus CO2 will replace 
H2O, CO will replace H2, and O2 will remain the same from (5).  Each of the variables will be 

















 This Nernst equation can be modified for the other two pathways.  The Nernst potential 


































the ideal gas constant (𝑅𝑈 = 8.3145
𝐽
𝑚𝑜𝑙∙ 𝐾
), and the ratio of atmospheric pressures between 
Mars and Earth.  The experimental pressure P is of utmost importance in this analysis, as the 
atmospheric pressure of Mars is 0.5683% of Earth’s, though the pressure of Mars fluctuates at 
about a 30% range over the course of a Martian day [1, 2, 40].  For calculations of Equations (6), 
(7), and (8), the ratio of experimental pressure P to standard terrestrial atmospheric conditions 
Pstd is then considered to be: 
𝑃
𝑃𝑠𝑡𝑑
= 0.005683.  As mentioned in Section 2.5, the major variables 





electrodes  (𝑦𝐶𝑂2 , 𝑦𝐶𝑂 , & 𝑦𝑂2).  For this experiment, the concentrations of each substance is 
equivalent to the partial pressure of that component and will be evaluated as independent 
variables later as the inlet gas composition ratio has been shown in research to greatly affect the 
Nernst potential of the reaction [12, 82, 85, 87, 88].  For (2) and (3), where solid carbon is 
present, it is necessary to assume the concentration to be equal to 1 (𝑦𝐶 = 1).  While the CO2, 
O2, and CO terms are gases and the partial pressure of each gas can be used to represent its 
concentration, solids such as carbon are solids and therefore their concentration is considered 1 
in electrochemical calculations [99, 100].   
The nitrogen to NOX reaction mentioned in Section 2.3 would only occur in the anode 
chamber for this setup and is not part of the electrolysis reaction that is studied here and modeled 
in the Nernst potential equations.  Because of this, any NOX conversion that would occur would 
have a limited effect on the Nernst equation; only minor fluctuations in the partial pressures of 
the gases would be observed. 
The Nernst potential at standard conditions, V
0
, in (6), (7), and (8) can be calculated 
using (9), shown below [62].  It is the relation of Gibbs free energy change divided by the mole 
number of electrons transferred in the reaction and Faraday’s constant [62].  The Gibbs Free 
Energy function is given in (10) and is dependent on the enthalpy (h) and entropy (s) of each of 












  The Gibbs Free Energy of each of the chemical reactions at different temperatures was 
obtained from the website [101].  Using the Gibbs energy of the entire reactions instead of for 
each of the components is necessary in order to increase the accuracy of the value, since the 
reaction is being looked at as a whole.  These values, per reaction, per temperature can be found 
below in Table 3.1. 
 
 
Table 3.1: Gibbs free energy values for chemical reactions (1), (2), & (3) for the temperature range room 
temperature - 1200 K [101]. 
T (K) 298 400 500 600 700 800 900 1000 1200 
∆𝑮𝑹𝑿𝑵𝟏  (kJ/mol) 257.2 248.4 239.7 231.1 222.4 213.8 205.1 196.5 179.2 
∆𝑮𝑹𝑿𝑵𝟐 (kJ/mol) 394.4 394.7 394.9 395.2 395.5 395.8 396.1 396.4 396.9 
∆𝑮𝑹𝑿𝑵𝟑 (kJ/mol) 137.2 146.3 155.2 164.1 173.1 182.0 191.0 199.9 217.8 
 
 
Thus (6) and the Nernst potential, or theoretical minimum electrolysis voltage necessary 
to drive nonspontaneous reactions, was calculated for various inlet gas compositions (by 
manipulating the partial pressures) and temperatures of interest. 
 
3.2 Results 
 Simulations were conducted using a code written and executed in Matlab (Math Works, 
Natlick, MA), which is provided in Appendix 1.  Once the Nernst potential was corrected for 
pressure and inlet composition to give the fully evaluated values, the results of the three plotted 





that minimize carbon deposition and thus cell damage.  In theory, a safe zone of operation is 
expected to sustain pathway (1) while constraining pathways (2) and (3).  
 The results of the simulation are illustrated in Figures 3.1 – 3.5.  The figures demonstrate 
the Nernst potentials of three electrolysis pathways with various gas concentrations and 
temperatures under the Martian atmospheric pressure.  In the cases shown in the figures, inlet gas 
compositions of pure CO2 (Figure 3.1), 90% CO2 + 10% CO (Figure 3.2), 70% CO2 + 30% CO 
(Figure 3.3), 50% CO2 + 50% CO (Figure 3.4), and 30% CO2 + 70% CO (Figure 3.5) were used.  
Those cases are selected to simulate the gas concentrations at different locations of SOEC stack 
during electrolysis.  A different satisfactory minimum temperature is associated with each inlet 
composition of the SOEC.  The acceptable minimum temperature and the maximum voltage to 
avoid carbon deposition at that temperature for each inlet gas composition, based on graphical 
interpretation, are displayed below in Table 3.2. 
 
 
Table 3.2: Threshold to avoid carbon deposition (analysis from Figures 3.2-3.5). 
Gas Composition (%) Min. 
Temp.(°C) 
Max. Applicable Voltage (V) 
CO2 CO 800 °C 900 °C 1000 °C 1100 °C 
90 10 980 N/A N/A 1.21 1.23 
70 30 810 N/A 1.19 1.21 1.22 
50 50 750 1.17 1.18 1.20 1.21 
30 70 690 1.16 1.17 1.18 1.19 
 
 
As seen in Figures 3.1 – 3.5, each inlet composition has its own “Safe Zone of 
Operation” that has a low likelihood of carbon deposition.  This “Safe Zone of Operation” is 





(3). That means the cell voltage is high enough to drive the reaction (1), but not high enough to 
drive the other two reactions that result in carbon deposition.  Thus, each safe zone is shaped by 
a minimum temperature and a minimum and maximum voltage.  So long as operation is 
maintained in these temperature ranges and at the required voltage, the SOEC will operate 
successfully with minimum carbon deposition and subsequent cell degradation. 
  






SAFE ZONE OF  
OPERATION 
Figure 3.2: Nernst potential for the gas inlet composition 90% CO2 + 10% CO.  The 
green zone shows the voltages that can sustain oxygen production while minimizing 
hazardous carbon deposition. 
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SAFE ZONE OF 
OPERATION 
Figure 3.4: Nernst potential for the gas inlet composition 50% CO2 + 50% CO. 
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Preliminary Experimental Results 
 
4.1 SOEC Button Cell Preparation 
 The objective of the experimental research is to evaluate and validate the prediction of 
“Safe Zone of Operation” in Chapter 3.  Although SOECs are available commercially, the 
common use of nickel as a catalyst prevented their use in this study as nickel can be easily 
oxidized during CO2 reduction.  As stated earlier, button cell geometry was selected due to its 
relative simplicity and aptitude for testing of this nature.  A full schematic for the entire button 
cell assembly can be seen below in Figure 4.1.  
Because of the need for accurate measurement of the active cell area, the construction of 
the SOEC started with cutting two silver mesh squares, each with an area of 1 cm
2
.  This would 
allow for accurate current density calculations.  A mask with a square opening was used to 
ensure accurate application of the electrode materials on the substrates.  The composite 
electrodes were prepared using the mixture of silver and Yttria Stabilized Zirconia (YSZ) using 
the weight ratio of 1:1 [42, 43]. Silver works as the anode catalyst for oxygen evolution and also 
as the cathode catalyst for fuel. Mixing YSZ into the electrode helps to increase the active areas 
of triple phase boundary of electrode/electrolyte. For the preparation process, first, 0.5 grams of 
silver paste was added to a small beaker.  Then, YSZ powder was added to a separate tray.  The 
mass of this powder was 70% of the mass of the silver paste since the silver paste was 70% silver 
by mass.  Compensating for this ensured that the weight ratio of silver and YSZ was 1:1.  The 






allow for proper and uniform bonding between the YSZ and the silver, 100 ml of Xylene was 
added.  The solution was mixed lightly with forceps.  
  





The solution was then placed on the magnetic mixer plate.  An appropriately sized 
magnetic stirrer was added to the small beaker and the magnetic mixer was set to 100°C and 
1200 revolutions-per-minute.  The solution was allowed to mix for approximately 45 minutes, or 
until the YSZ/Silver Paste thickened. 
 Once the electrolyte silver-YSZ paste was ready, tape was applied to one side of the YSZ 
32 mm substrate, leaving only a square-shaped 1 cm
2
 area in the center of the substrate for the 
silver mesh and electrolyte paste.  The paste was applied to the top of the YSZ substrate within 
the taped off square and the silver mesh was placed into the silver paste applied to the substrate 
so that it was imbedded within the paste.  Similarly, silver wire, for current collection, was 
adhered to the substrate surface using the silver paste and the entire YSZ substrate was sintered 
in the furnace with the maximum heating temperature of 800°C for one hour.  During the heating 
and cooling process getting to 800°C from room temperature and coming down from 800°C to 
room temperature, the temperature was increased and decreased at the rate of 2°C per minute.   
 Additionally, some cells were constructed with all silver electrodes, thus eliminating the 
mixture of the YSZ powder into the silver paste.  This was due to poor cell performance in initial 
tests, thought to be the result of electrodes that were too thick and not porous enough for gases.  
The silver paste was applied directly to the YSZ 32 mm substrate and the 1 cm
2
 silver mesh was 
imbedded into the paste.  These cells were heated at 100°C for one hour before the silver wire 
was added and the whole button cell was sintered in the furnace at 800°C for one hour, with 
increasing and decreasing rates of 2°C per minute.  The button cell discussed here is shown in 
Figure 4.2. 
 An alumina tube was used to control the inlet and outlet gases on the anode side of the 





the tube on one side.  This allowed for the silver wire on the anode side (sealed off from the 
outside) to pass through the alumina tube so that current be collected.  After the button cell was 
prepared, it was adhered to the alumina tube using ceramic glue (Cermabond 522 by Aremco 
Products, Inc.) with the silver wires on the anode side passing through the notches mentioned 
earlier.  These notches were then sealed with ceramic glue to eliminate any leakage.  Longer 
pieces of silver wire (used for current collection), shielded in insulation, were adhered to the 
silver wire strips already attached to the button cell using ceramic glue and were taped to the side 





Two holes were drilled through a rubber plug which was fitted into the opposite end of 
the alumina tube, allowing gas feeding and venting.  The inlet stainless steel tube was inserted in 
Figure 4.2: Surface of the button cell with the YSZ 
substrate, silver paste electrode and silver wire 





one hole all the way down to the cell to ensure maximum fuel contact with the electrode. The 
outlet tube was shorter, nearer the plug, to ensure smooth venting.  The alumina tube with button 





A clamp held the alumina tube in the horizontal tubular furnace and the gas inlet, gas 
outlet, and silver wires were connected to a solid oxide fuel cell test stand (Scribner 855 SOFC).  
This setup is visible in Figure 4.4. 
The single button cell fabrication process can be viewed graphically on the next page 
(Figure 4.5). 
  
Figure 4.3: Alumina tube used for button cell testing with wires for current 
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4.2 Experimental Design 
 The experiments were designed to first test the button cell in the fuel cell mode using 
hydrogen gas and then test the cell’s ability to pump oxygen ions in the electrolysis mode.  
During oxygen pump mode testing, oxygen ions were moved through the electrolyte in the same 
direction that they would under actual CO2 reduction conditions, thus making oxygen pump 
mode testing a necessary step in ensuring proper cell function.  Following successful testing, the 
cell can be used for CO2 electrolysis tests.  To simulate the Martian atmosphere, a specialty gas 
mixture was purchased from Airgas. The gas mixture consists of 0.6% CO2 balanced with 
nitrogen gas in order to simulate CO2 partial pressure on Mars.  This was a favorable method for 
reducing the pressure of CO2 instead of a vacuum pump design since it allowed to use of the 
existing SOEC test stand without modification.  Electrolysis testing of the button cell and then 
observation of the carbon deposited on the cell surface will then occur to verify the generated 
model and determine experimental conditions that will minimize carbon deposition. 
 
4.3 Preliminary Experimental Results 
Thus far there have been two series of preliminary tests conducted on the SOECs 
fabricated from the procedure described above.  The first test was to operate the cell in fuel cell 
mode with hydrogen gas at 500 sccm fueling the cell’s reaction, resulting in a 𝐻2 (𝑔) +
1
2
𝑂2 (𝑔) → 𝐻2𝑂 (𝑔) reaction and producing electricity.  The cell operating temperature was kept 
at 750°C and the open circuit cell voltages were measured.  The operating temperature was 
selected based on the results of Chapter 3.  The button cell in this experiment was able to 
maintain an open voltage of about 0.86 Volts (V) for three hours before the heat caused the 





 The second test was designed to ensure that the cell works in the fuel cell mode, as well 
as to determine if the second SOEC would produce a higher open circuit voltage (OCV) than the 
first one.  The cell operated under the same conditions as the first did (500 sccm hydrogen fuel 
and 750°C) and generated a maximum OCV of about 0.93 Volts but failed to produce any 
significant current.  Once the cell was inspected upon cooling, it was found that the Monel wire 
was oxidized in the high temperature conditions, thereby increasing resistance to the point where 
electrical current was undetectable. 
 After the first two tests, the Monel wiring was replaced with silver wiring.  Another 
modification was the tube furnace was reoriented from the horizontal to the vertical position for 
better hydrogen gas feeding.  A third hydrogen based fuel cell test of the button cell was 
conducted and this cell reached a peak OCV of 0.91 Volts but only small current was carried on 
the silver wires.  That indicates other resistance, rather than Ohmic resistance, was too high.  It 
was speculated that the electrodes were not porous enough such that the gas diffusion resistance 
was too high. 
 To increase the porosity of the electrode, the fourth button cell was prepared with all 
silver electrodes.  This cell was tested using a similar procedure to the first three and was found 
to carry current.  Modifying the electrode mixture to a solely silver based composition helped to 
improve cell construction success likelihood as the mixing of the silver paste and YSZ powder 
using Xylene would not always yield operable cells after the sintering process.  About one-third 
to half of the fabricated button cells with the silver-YSZ electrodes were found to have cracked 
electrodes that would not adhere to the YSZ substrate after removal from the furnace.  In order to 





tested in oxygen pump mode and its performance is displayed graphically below in Figure 4.6 






 As seen in Figure 4.6, there are two regions of performance for the solid oxide button cell 
in oxygen pump mode.  The first region (from 0.01 V – 0.1 V) demonstrates a linear relationship 
between current and voltage, while the second region (greater than 0.1 V) demonstrates a more 
converging relationship at first and then begins increasing again as voltages increase.  When the 
oxygen consumption rate is less than its supply, the V-I curve demonstrated linear characteristics 
(as shown in Figure 4.6 where voltage is lower than 0.1 V), since the overpotentials at such 

























conditions are minimum at high temperature.  As the current increased and oxygen demand 
surpassed supply, the cell became starving and the electrode overpotentials started to build up.  
This was mainly caused by limited porosity of the electrodes.  
 Unfortunately, the experimental investigation has only been carried so far in this thesis 
due to limited funding and lab materials.  As seen in Table 4.1, the total estimated cost of this 
research was $1,307.78.  This does not include the cost of lab materials (measurement 
instruments, magnetic mixer, test stand) and fuel (hydrogen or CO2).  In order to continue with 
experimental verification of the proposed model, additional funding must be provided. 
 
 
Table 4.1: Estimated cost for this research. 
Material Vendor Estimated Cost 
YSZ Substrates Fuel Cell Materials $225.00 
YSZ Powder Fuel Cell Materials $185.00 
Silver Paste Fuel Cell Materials $95.00 
Silver Mesh Fuel Cell Materials $205.00 
Silver Wire Fisher Sci. $291.23 
Monel Wire MWS Wire Industries $130.00 
Silicon Plugs Stockcap $46.55 
Stainless Steel Tubing McMaster-Carr $40.00 
Alumina Tubing McMaster-Carr $90.00 








Conclusions and Future Work 
 
5.1 Conclusions 
 The goal of this project was to investigate the conditions at which carbon deposition 
would occur during carbon dioxide electrolysis to produce oxygen using SOECs.  This was 
investigated in order to determine the potential for space exploration application as a conversion 
system to convert carbon dioxide to oxygen on Mars, under Martian atmospheric conditions.  
The experimental investigation is underway with the theoretical analysis completed in this thesis.  
The fuel cell theory and thermodynamics were used to determine the Nernst potential of 
different oxygen generation pathways at Martian conditions with different gas compositions in 
the feedstock.  The “Safe Zone of Operation”, simulating four different fuel composition ratios, 
for oxygen production on Mars was predicted.  This encompassed a range of operating 
electrolysis voltages and temperatures under which certain fuel inlet mixtures would produce 
minimal carbon deposition.  As the CO2 concentration decreases in the feedstock (fuel 
composition ratio), the minimum temperature needed for safe operation is lowered.  This gives a 
smaller “Safe Zone of Operation” though, meaning there is a smaller range of cell voltage to 
safely operate within.  Thus, it is suggested that cell performance is probably optimized at CO2 
concentrations less than 70% but at temperatures greater than 800°C.  The CO2 concentrations 
can be lowered by recycling CO back into the feedstock.  This model can be used as a guideline 
of oxygen production using SOECs at Martian atmospheric pressure.  
This thesis aimed to provide theoretical ranges at which SOECs would be able to safely 





continuing experimental investigation in the future, using the SOECs constructed as part of this 
study’s parallel investigation.   
 
5.2 Future Work 
If additional funding can be provided, the experimental investigation would be allowed to 
continue.  The experimental investigation is needed to validate the model and verify the safe 
zones of operation predicted by the model.  
With the needed funding, the experimental investigation can be continued using 
electrolysis to reduce CO2 using the fuel mixture of CO2 balanced with nitrogen to simulate the 
Martian atmospheric pressure.  Using this fuel supply and constructing a double ended Alumina 
button cell testing tube would allow for accurate, Martian atmosphere simulating experiments.  
The experimental efficiency of the process under Martian conditions can be determined from the 
results of this experiment.  Additionally, the button cell can be placed under a microscope and 
the amount of carbon deposition can be recorded measured in units of surface area and thickness 
as well as weight by weighing the cell before and after the experiment.  However, the simulated 
Martian environment may not be the actual one used for Martian oxygen production in the 
MOXIE project.  For the MOXIE application, CO2 will be compressed before feeding into the 
SOECs to minimize gas diffusion resistance due to the low Martian atmosphere pressure.  
Experimental accuracy can be increased with better equipment to prepare the electrodes 
accurately (e.g. tape casting, screen printing, chemical vapor deposition), but this would require a 
great deal of funding which was not available at the time of this study. 
Once there is successful operation of the CO2 electrolysis process, it will be possible to 





the factors of interest (variables that can be manipulated) on the response variable are quantified 
and an experimental model is generated to predict the response given values for each of the 
factors of interest.  If this study was examined as a statistically designed experiment, the factors 
of interest would be the electrolysis voltage across the SOEC, the gas inlet mixture (CO2 to CO 
ratio), and the operating temperature.  The response would be the amount of carbon deposited on 
the cell.  Lastly, the pressure of the experiment would be held constant.  Since this is a three 
factor experiment, a 2
3
 factorial investigation would be set up.  Center points (points within the 
minimum and maximum values for the factors of interest) would be recommended in order to 
increase model accuracy and help with full comprehension of factor effects.  Additionally 
duplicates are recommended as these would further strengthen the model.  Generally in a 
statistically designed experiment, each factor level would be randomized.  Thus the trial runs 
would have prescribed, randomized factor settings.  In theory this eliminates any experimental 
noise that could have adverse effects on the accuracy of the data.  For this experiment, however, 
it is recommended not to randomize due to the buildup of gasses within the SOEC.  Based on 
previous experience, this gas buildup can cause misleading data to be collected especially if a 
lower fuel flow rate is considered after a high fuel flow rate.  Using the model generated via an 
analysis of variance, the operation of the SOEC could be optimized to minimize carbon 
deposition and ideal variable settings could be determined.  It is suggested that for the design of 
experiments portion of the investigation, Design-Expert (Stat-Ease, Inc., Minneapolis, MN) be 
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%Carbon Dioxide Nernst Potential Calculation 
%By Timothy Bernadowski 
%Based on code by Can Zhou 
clear all; 
clear clc; 
R = 8.3144621;                                          %parameters 
n = 2;                                                  %2 electrons 
F = 96487;                                              %Faraday's constant 
%% 
%Temperature Ranges 
t1 = [298 400:100:1800];                       %temperatures from 600-1800K 
 
%Gibb's Free Energy 
G1 = [257.2 248.4 239.7 231.1 222.4 213.8 205.1 196.5 187.8... 





G2 = [137.2 146.3 155.2 164.1 173.1 182   191   199.9 208.8... 
      217.8 226.7 235.6 244.6 253.5 262.4 271.4]; 
G3 = [394.4 394.7 394.9 395.2 395.5 395.8 396.1 396.4 396.7... 
      396.9 397.2 397.5 397.8 398.1 398.4 398.7]; 
%Electrolysis Potential Equations (at standard pressure) 
E1 = -1000*G1/(n*F);                                    %CO2 -> CO + 0.5 O2 
E2 = -1000*G2/(n*F);                                    %CO  -> C  + 0.5 O2 
E3 = -1000*G3/(2*n*F);                                  %CO2 -> C  + O2 
%Nernst Potential for Standard Conditions Graphs 
figure(1) 
 plot(t1-273, -E1, 'b','Linewidth',3); 
 hold on 
 plot(t1-273, -E2, 'c','Linewidth',3); 
 hold on 
 plot(t1-273, -E3, 'k','Linewidth',3); 
 hold on 





 grid on 
 axis([0 1600 0.6 1.7]); 
 ylabel('Electrolysis Potential (V)'); 
 legend('CO_2 -> CO + 0.5 O_2', 'CO -> C + 0.5 O_2', 'CO_2 -> C + O_2'); 
%% 
%Modifying for the Pressure & Various Concentrations 
%For the CO2 -> CO + 0.5 O2 equation 
K=(0.9)^1*(0.1)^-1*0.21^-0.5*((0.005683)^-0.5);                                                       
 Ep1=E1-R*t1/n/F*log(K);  
K=(0.7)^1*(0.3)^-1*0.21^-0.5*((0.005683)^-0.5); 
 Ep2=E1-R*t1/n/F*log(K);   
K=(0.5)^1*(0.5)^-1*0.21^-0.5*((0.005683)^-0.5); 
 Ep3=E1-R*t1/n/F*log(K);   
K=(0.3)^1*(0.7)^-1*0.21^-0.5*((0.005683)^-0.5); 
 Ep4=E1-R*t1/n/F*log(K);   
%Modifying the Other Reactions  






K=(0.9)^1*(1)^-1*0.21^-1*((0.005683)^-1);               %CO2 -> C + O2 
Ep6=E3-R*t1/(2*n)/F*log(K); 
 %Creating the necessary graphs 
figure(2) 
 plot(t1-273,-Ep1,'g','LineWidth',3);                    %line style 
 hold on 
 plot(t1-273,-Ep5,'c','Linewidth',3); 
 hold on 
 plot(t1-273,-Ep6,'k','Linewidth',3); 
 grid on 
 axis([0 1600 0.6 1.7]); 
 xlabel('Temperature (^oC)'); 
 ylabel('Electrolysis potential (V)'); 
 title('Nernst Potential with Different CO_2 Content: 90% CO_2 & 10% CO'); 
 legend('90% CO_2 & 10% CO','CO -> C + 0.5 O_2','CO_2 -> C + O_2'); 





K=(0.3)^1*(1)^-1*0.21^-0.5*((0.005683)^-0.5);           %CO  -> C + 0.5 O2 
Ep5=E2-R*t1/n/F*log(K); 
K=(0.7)^1*(1)^-1*0.21^-1*((0.005683)^-1);               %CO2 -> C + O2 
Ep6=E3-R*t1/(2*n)/F*log(K); 
figure(3) 
 plot(t1-273,-Ep2,'r','LineWidth',3);                    %line style 
 hold on 
 plot(t1-273,-Ep5,'c','Linewidth',3); 
 hold on 
 plot(t1-273,-Ep6,'k','Linewidth',3); 
 grid on 
 axis([0 1600 0.6 1.7]); 
 xlabel('Temperature (^oC)'); 
 ylabel('Electrolysis potential (V)'); 
 title('Nernst Potential with Different CO_2 Content: 70% CO_2 & 30% CO'); 
 legend('70% CO_2 & 30% CO','CO -> C + 0.5 O_2','CO_2 -> C + O_2'); 





K=(0.5)^1*(1)^-1*0.21^-0.5*((0.005683)^-0.5);           %CO  -> C + 0.5 O2 
Ep5=E2-R*t1/n/F*log(K); 
K=(0.5)^1*(1)^-1*0.21^-1*((0.005683)^-1);               %CO2 -> C + O2 
Ep6=E3-R*t1/(2*n)/F*log(K); 
figure(4) 
 plot(t1-273,-Ep3,'b','LineWidth',3);                    %line style 
 hold on 
 plot(t1-273,-Ep5,'c','Linewidth',3); 
 hold on 
 plot(t1-273,-Ep6,'k','Linewidth',3); 
 grid on 
 axis([0 1600 0.6 1.7]); 
 xlabel('Temperature (^oC)'); 
 ylabel('Electrolysis potential (V)'); 
 title('Nernst Potential with Different CO_2 Content: 50% CO_2 & 50% CO'); 
 legend('50% CO_2 & 50% CO','CO -> C + 0.5 O_2','CO_2 -> C + O_2'); 





K=(0.7)^1*(1)^-1*0.21^-0.5*((0.005683)^-0.5);           %CO  -> C + 0.5 O2 
Ep5=E2-R*t1/n/F*log(K); 
K=(0.3)^1*(1)^-1*0.21^-1*((0.005683)^-1);               %CO2 -> C + O2 
Ep6=E3-R*t1/(2*n)/F*log(K); 
figure(5) 
 plot(t1-273,-Ep4,'y','LineWidth',3);                    %line style 
 hold on 
 plot(t1-273,-Ep5,'c','Linewidth',3); 
 hold on 
 plot(t1-273,-Ep6,'k','Linewidth',3); 
 grid on 
 axis([0 1600 0.6 1.7]); 
 xlabel('Temperature (^oC)'); 
 ylabel('Electrolysis potential (V)'); 
 title('Nernst Potential with Different CO_2 Content: 30% CO_2 & 70% CO'); 






Oxygen Pump Mode Data 
 
Voltage (Volts) Current (Amps) Power (Watts) 
0.01 0.0014 0.000014 
0.02 0.0064 0.000128 
0.03 0.0121 0.000363 
0.04 0.0175 0.0007 
0.05 0.0226 0.00113 
0.06 0.0274 0.001644 
0.07 0.0323 0.002261 
0.08 0.0369 0.002952 
0.09 0.0414 0.003726 
0.1 0.0455 0.00455 
0.2 0.0752 0.01504 
0.3 0.0883 0.02649 
0.4 0.0958 0.03832 
0.5 0.1002 0.0501 
0.6 0.1089 0.06534 
0.7 0.1154 0.08078 
0.8 0.1232 0.09856 
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